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Abstract 
Compressed Air (CA) systems have a significant impact on the energy consumption and efficiency of manufacturing systems. 
These may be composed of a single compressor or include several compressors that work together in a logical manner. 
Compressors with fixed or variable drive systems have dynamic energy consumption profiles. In addition, they require
complicated logic to control multiple compressors as a system. The control system reacts to the flow and pressure of the air 
output and determines which compressors need to be loaded and which ones to be unloaded. 
This paper provides an overview of techniques to model energy consumption as well as various approaches used to control the 
CA system.  A state-base modelling technique is used to develop a simulation model that includes both fixed and variable speed 
drive compressors. This has been applied to analyse different scenarios for controlling the system.  An industrial case study 
including two variable speed and one fixed speed drive compressor is used to demonstrate the dynamic of energy consumption of 
the system and the validity of the proposed model. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Compressed air (CA) is one of the most expensive sources
of energy and is required across a wide range of industries. It 
is essential in order to supply process requirements, to operate 
pneumatic tools and equipment, and to meet instrumentation 
needs. 
CA is relatively costly to generate and consumes a great 
share of total energy consumption in industry. For example, in 
Australia and European Countries, energy consumption of CA 
systems  contributes about 10% of total industrial energy 
use[1, 2], whilst in US, it accounts up to 30% of total 
electricity consumption [3]. Moreover, it has been identified 
as one of the least efficient forms of energy. Only about 10-
30% of  CA reaches the point of end-use, while the balance is 
lost as heat energy and to a lesser extent from leakage and
inefficient usage [4]. 
In recent years, the energy efficiency of compressed air 
systems has become an increasingly important issue and is 
being rightfully criticized for two major reasons: On the one 
hand, there are different costs over the life cycle of an air 
compressor, including initial investments, maintenance and 
energy costs. Energy costs during the utilization period of a 
compressor may contribute more that 75% of the overall cost 
during life cycle as shown in Fig. 1. It has been claimed that 
improvements in the energy efficiency of CA system may 
result in energy savings of 20-50% [4]. On the other hand, the 
electricity price has increased steadily over the past three 
decades. For example, electricity prices in Australia for 
business sectors has doubled between 1981 and 2011 [5], see 
Fig. 2. 
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A typical CA system is comprised of various components 
such as air compressors, air dryers, filters, coolers, branched 
pipes, valves, nozzles, and controllers. Each of these 
components represents a potential for energy loss in the form 
of flow or pressure loss in the system.  
At the stage of developing a CA system or even in the 
utilization period, there are many other important factors such 
as compressor size or control system determination that have 
great impacts on energy efficiency of the system and these 
should be taken into account. With compressed air systems, 
system dynamics (changes in demand over time) are 
especially important. Using controls, storage, and demand 
management to effectively design a system that meets peak 
requirements but also operates efficiently at part-load is a key 
to a high performance compressed air system. Also, oversized 
compressors or using inappropriate or inefficient systems to 
control the operation of  compressors may have the highest 
unit energy and the highest annual operating cost impacts [6]. 
Exergy analysis has revealed that in many cases, compressor 
oversizing and the low efficiency of pneumatic tools are the 
major restricting factors for improving the energy efficiency 
of CA system [7]. Saidur, Rahim [4] carried out an overview 
of energy-saving measures in CA systems, and discussed 
potential saving of energy and cost.  
There are two commercial software tools for the 
assessment and evaluation of CA systems: AirMaster+ 
(developed by US Department of Energy) and AirSim. These 
tools are either too detailed and require several parameters 
and detailed measurement values or are credible for a specific 
system layout only, generally limited to the compressor and 
related components [8]. 
Having considered abovementioned challenges regarding 
the design and management of the CA system, this paper aims 
to develop an analytical approach that enables systematic 
improvement of the performance of the system in long term. 
2. Background 
2.1. Variable Speed Drive vs. Fixed Speed Drive 
Variable Speed Drive (VSD) compressors, unlike Fixed 
Speed Drive (FSD), are able to vary the air volume output by 
adjusting the speed of the motor driving the compressor. An 
inverter or frequency controller manages the motor and 
determines when to speed up or down. In contrast, a FSD 
compressor is able to operate at only two specific modes, load 
or unload although it is also possible to obtain a variable air 
flow output (albeit in an energy inefficient manner) by 
throttling the air flow into the compressor. When an FSD is 
on load, it delivers a certain amount of air flow and consumes 
energy at an almost constant rate and when there is no 
demand, it becomes unload. Whilst in unloading mode it may 
or may not consume energy. Multiple stage compressors are 
able to deliver some specific values of air flow. In terms of 
energy consumption, they are more similar to FSD 
compressors than they are to VSDs.  
VSD compressors are inherently more efficient, because 
they do not need a gearbox or a belt drive. Furthermore, they 
benefit from reduced stopping and starting stress due to the 
soft start facility which allows almost unlimited motor starts 
per hour. This compares to FSDs, which are typically limited 
to four starts per hour to avoid damage to the motor [9]. In 
some cases, an automatic shutdown control may be 
introduced, switching the compressor to stand-by mode - 
saving energy through a reduction in idling or no-load mode - 
if there has been no end-use demand for a predetermined 
length of time.  
VSD is a promising option when the load is dynamic and 
fluctuates regularly or when it is used to provide top-up 
capacity. Fig. 3 compares energy efficiency of VSD and FSD 
compressors for a wide range of air flow output. As can be 
seen, VSD compressors can be economically attractive where 
a compressor is running for long periods at part-load. When at 
full load, a FSD is more efficient, as it consumes less energy 
than VSD while delivering the same amount of air flow. In 
contrast, a VSD is more suitable and energy efficient than an 
FSD since it significantly requires less energy when at part 
load.   
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Fig. 3 Energy Efficiency Comparison of VSD and FSD Compressors 
  
Fig. 1 Life Cycle Costs of Compressed Air Systems [4] Fig. 2 Electricity Price Indices for Households and Businesses, Australia 
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2.2. Compressed Air System Challenges 
In industrial sites, it is very common to install and use 
different types, capacities and brands of compressors in a 
common distribution network, each capable of supplying a 
percentage of the total plant requirements. There are many 
factors which influence on the performance of the compressed 
air system, even when an individual compressor exists in the 
system. Where there is more than one compressor feeding a 
common header, compressors have to be operated in such a 
way that the cost of compressed air generation is minimized.  
Two of the most important factors influencing the cost of a 
compressed air system are the type of compressor control 
system and proper compressor sizing [4]. An oversized 
compressor consumes more energy to generate the same 
amount of air flow compared with a properly sized 
compressor and therefore has larger annual operating costs.  
In a compressed air system comprising multiple 
compressors, the control system that determines the sequence 
of loading or unloading of compressors plays a significant 
role in optimizing the energy efficiency of the system. An 
efficient control system seeks to maintain the discharge 
pressure of the system within a specified range, while the 
compressor plant is subject to variable rates of compressed air 
demand.  
 
The type of control system specified for a given CA system 
is largely determined by the type of compressor that is being 
used and the profile of total demand from production 
facilities. If a system has a single compressor with a very 
steady demand, a simple control system may be appropriate. 
For small to medium size reciprocating and rotary air 
compressors, which are popular in a medium-size industrial 
sites, there are six common types of compressor control 
modes: start/stop, load/unload, inlet modulation, auto-dual, 
variable displacement and variable speed control [9]. On the 
other hand, a complex system with multiple compressors, 
varying demand, and many types of end-uses will require a 
more sophisticated strategy. In any case, careful consideration 
should be given to compressor and system control selection 
because they can be the most important factors affecting 
system performance and efficiency. 
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Fig. 4 Exemplary Illustration of the Control System of CA System 
 
There is much experimental experience to inform energy 
analysts or CA system designers in how to reduce energy 
consumption and enhance the overall energy efficiency of the 
CA system. For example, it has been recommended to bring 
conventional compressors (FSDs) on- and off-load to supply 
the bulk of the demand, and run a VSD compressor 
consistently as top-up supplier. If this is not possible, the VSD 
compressor can be configured to operate at part-load most of 
the time. As an example of such a control system, Fig. 4 
illustrates how a multiple-compressor system can react to 
variations in demand. In this system, there are two different 
sized FSD compressors and one VSD compressor. FSD 1 and 
FSD2 are responsible for supply of the bulk of demand, while 
the only VSD compressor operates to supply top-up demand. 
As an example, when demand is greater than the capacity of 
the first priority FSD compressor (FSD1) and less than the 
sum of  capacity of both FSD compressors, the VSD 
compressor will operate to supply top-up demand.  
Below are examples of guidance to improve the 
performance of the CA system [9]. 
x In a system with compressors of the same size, only one 
compressor should handle the load variation, whereas the 
others should operate more or less at full load. 
x In a system with different sized compressors, only the 
smallest compressor should be allowed to modulate (vary 
in air flow output rate), since it consumes less energy than 
the other compressors.  
x As the power consumption of the system might be 
significant during unloading mode, the compressor with 
lowest no-load power must be modulated. In general, the 
compressor with lower part-load power consumption 
should be modulated. 
x As compressors can be graded according to their specific 
energy consumption, the most energy efficient ones should 
be utilized to meet most of the demand. 
 
As discussed, to achieve the optimum cost and energy 
efficiency for a CA system, designers or energy analysts not 
only need to take demand variations into account, but should 
also select equipment based on life-cycle costs, size 
components properly (this is especially true for air 
compressors), turn off unneeded compressors, utilize the most 
appropriate control system and operate and maintain the 
equipment for peak performance amongst other things. It is 
difficult to analyse the performance of the system with 
sufficient attention to all of the abovementioned factors. 
Simulation modelling is a valuable and powerful technique 
that provides unique opportunities to analyse different 
scenarios. It allows investigation of the impact of different 
factors on the energy efficiency of the system in a systematic 
manner. In the following section authors introduce the 
proposed simulation model. 
316   Smaeil Mousavi et al. /  Procedia CIRP  15 ( 2014 )  313 – 318 
3. Simulation Modelling Approach 
The communication between the manufacturing system 
and the CA system is conceptualized and illustrated in Fig. 5. 
After sending the time-dependent values of air flow demand 
from the manufacturing system, the control system determines 
how to meet demand. It also determines how many 
compressors to run, which ones(s) to operate at full load and 
which to operate at part load. 
The components of a compressed air system can be 
categorized as either energy consuming or non-energy 
consuming.  Almost all of the energy requirements of the CA 
system are consumed by air compressors, air dryers and the 
control system. Of this, the energy requirements of the air 
dryers and control system are relatively small and almost 
constant. Therefore, these two components can be excluded 
from energy efficiency analysis. Thus air compressors can be 
selected as the most valuable components for further 
investigation with regards to the energy efficiency of the CA 
system.  
As previously discussed, the CA system may include more 
than one compressor. A state-based modelling technique has 
been used to model the energy consumption pattern of the 
compressor. By examining metering data, we have identified 
that the machine stays in any of three specific modes of 
operation when running: ’Standby’, ‘Ready to Operate’ and 
‘Load’. Fig. 6 shows the relationship between these operating 
modes. When there is no demand from the manufacturing 
system, the machine enters the ‘Ready to Operate’ mode and 
stays there for a predetermined time. During that time, if the 
control system decides to use this compressor in response to a 
change in demand, the machine enters the ‘Load’ mode and 
the control system determines what percentage of the 
machine’s capacity to utilise.  
Otherwise the machine reverts to the ‘Standby’ mode, 
which may or may not consume energy. While the machine is 
in ‘Standby’ mode, a signal to load from the control system in 
response to an increase in demand causes the machine’s status 
to change to ‘Load’ mode.  
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Fig. 5 Conceptual Model of Control System of the CA System 
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Fig. 6 State-based Model of Single Compressor 
4. Application 
A pharmaceutical company in Sydney that has strategic 
targets to improve its sustainability through reducing energy 
and resource consumption was studied to show the validity 
and applicability of the proposed model. 
4.1. Case  Overview 
A centralized compressed air system is installed in the 
plant to provide the compressed air needed by the production 
facilities. The system has three rotary screw compressors: two 
variable speed drives and one fixed speed drive. In addition to 
the air compressors, there are two more systems that consume 
energy to operate. The first is made up of two air dryers, one 
of which operates as on-duty dryer whilst the other is 
reserved. These dryers are responsible to remove 
contaminations (including water and oil) in the compressed 
air. The second is the monitoring and control system, which is 
necessary to control and manage the CA system components. 
This system determines how to load and/or unload existing 
compressors, air dryers and other components. Fig. 7 is a 
schematic representation of the components in the CA system. 
Power metering was carried out to identify the actual 
consumption of the various components of this system. The 
CA system is connected to four different distribution boards, 
along with other energy consumers as well as a permanent 
power meter. Three Chauvin Arnoux®, C.A. 8335 portable 
power analysers were used (two for air compressors and one 
for on-duty air dryer) to meter these units concurrently with 1 
minute resolution. 
Table 1 presents the characteristics of the air compressors 
installed in the system. 
 
Table 1. Characteristics of existing Compressors 
Compressor  
Type 
Motor 
Drive 
ܨܣܦ௠௜௡כ  ሺ݉ଷ ݉݅݊Τ ሻ 
ܨܣܦ௠௔௫ 
ሺ݉ଷ ݉݅݊Τ ሻ 
Rated 
Power ሺܹ݇ሻ 
Rotary Screw FSD 0 17.6 110 
Rotary Screw VSD 12 22.6 165 
Rotary Screw VSD 12 22.6 165 
FAD: Free Air Delivery 
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Fig. 7 Schematic Presentation of Compressed Air System 
 
4.2. Demand Analysis 
In order to obtain some insight about the actual air flow 
demanded by production facilities, historical data were 
analysed. In addition, one-minute resolution air flow data 
from the CA system from 5 consecutive working days were 
used to identify the characteristics of the distribution function 
of demand, see Fig. 8. As can be seen, the demand fluctuates 
significantly in a relatively wide range of air flow rate from 
14.6 m3/min to 41.1 m3/min. The average and standard 
deviation of demand values for the considered time period are 
equal to 29.289 (m3/min) and 5.667 (m3/min) respectively.  
4.3. Experimental Design 
In this section, two set of experiments are described. In the 
first, different sequences of existing compressors were taken 
into consideration to quantify the effect of compressor priority 
determination on the energy efficiency of the whole CA 
system. Based on the results obtained from the first set of 
experiments, six more scenarios were designed in order to 
what percentage of average demand should be supplied by 
base load supply compressor.  
 
 
 
 
Fig. 8 The Distribution Function of Air Flow Demand 
4.3.1. Compressor Priority Determination Problem  
Since existing compressors in the system include two 
VSDs and one FSD and since both VSD compressors are 
similar, there are three possible sequences to prioritize the 
compressors to supply the demand, as indicated in Table 2. 
Each sequence determines the priority of each compressor to 
supply demand. The cumulative supply capacity for all 
compressors is indicated in parentheses. As an illustration, in 
scenario 2, the first VSD compressor will be operating as long 
as the demand is less than the capacity of this compressor 
(22.6 m3/min). Otherwise, the FSD compressor comes to 
‘Load’ mode to meet the extra air flow demand (demand 
fluctuates between 22.6 m3/min and 40.2 m3/min). If the 
demand is greater than the total capacity of the first and 
second priority compressors, then the third compressor (the 
second VSD) comes to ‘Load’ mode. This system is able to 
supply a maximum of 62.8 m3/min. 
For all compressors, it is possible to set the machines to 
switch to standby mode to save energy as the compressor 
consumes less in idling or no-load mode. Therefore, we chose 
to measure ‘auto shutdown time’ for its effect on the energy 
efficiency of the system. Four different values - 2, 5, 10 and 
15 minute - were chosen in this regard.  
Table 2. Compressors’ Priority in Different Scenarios 
Scenario Priority 
1 2 3 
1 FSD (17.6) VSD 1 (40.2) VSD 2 (62.8) 
2 VSD 1 (22.6) FSD (40.2) VSD 2 (62.8) 
3 VSD 1 (22.6) VSD 2 (45.2) FSD (62.8) 
 
 
Fig. 9 Specific Energy Consumption (kWh/m3) 
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Fig. 10 Number of Starts  
 
The simulation model has been run 12 times (3 scenarios 
by 4 different auto shutdown times), using actual demand 
values with acceptable resolution. At each run, the model 
simulates100 days of production; it is sufficient to estimate 
the performance of the system in long term.  
At each run, two performance indicators were measured: 
Specific Energy Consumption (defined as the ratio of total 
energy consumption to total CA demand) and total number of 
starts of all machines, see Fig. 9 and Fig. 10. 
As can be seen, both criteria indicate the first scenario has 
a better performance when compared with second and third 
scenarios. This means that the FSD compressor should be run 
when demand is less than 17.6 m3/min and the second 
compressor (first VSD) should be started when demand is 
fluctuating between 17.6 m3/min and 40.2 m3/min 
(17.6+22.6=40.2). The third compressor (the second VSD) 
should then come to load when the demand is greater than 
40.2 m3/min.  
A second set of experiments were carried out to determine 
the appropriate percentage of average demand that should be 
supplied by the FSD compressor which operates as the base-
load supply compressor. 
 
4.3.2. Base-load Compressor Capacity Determination 
In the best scenario of previous experiments, the FSD 
compressor supplied around 60% of average demand 
(17.6/29.289). The capacity of the FSD compressor is 
analysed here in six different cases in which the FSD 
compressor capacity is varied. It has been assumed that there 
is a linear relationship between the capacity and rated power 
for FSD compressors. Table 3 shows the new values for the 
capacity of the FSD compressor and rated power of all 
scenarios. Specific energy consumption for all scenarios is 
shown in Fig. 11.  
It is more energy efficient if the capacity of the FSD 
compressor increase to 20.4 m3/min, as the specific energy 
consumption criterion is at minimum and the CA system 
needs less amount of energy to generate the same amount of 
demand.  
Table 3. The Characteristics of FSD Compressor in new Scenarios 
Scenario S1 S2 S3 BL S4 S5 S6 
Ratio 30% 40% 50% 60% 70% 80% 90% 
FAD max 
(FSD) 8.8 11.7 14.6 17.6 20.5 23.4 26.4 
Rated Power 
(kW) 55 73.1 91.3 110 128.1 146.3 165 
 
 
Fig. 11 Specific Energy Consumption (kWh/m3) 
5. Conclusion 
In this paper, the energy efficiency of compressed air 
systems has been analysed. To predict the energy 
requirements of a CA generation system under different 
settings and configurations, a simulation model based on 
state-based technique has been developed. A case including 
one FSD and two VSD compressors has been studied and two 
set of experiments were conducted to show the applicability 
of the proposed model. Firstly, compressors priority 
determination problem was investigated and the most energy 
efficient sequence was chosen. Finally, a sensitivity analysis 
was carried out on this combination aiming to study possible 
energy efficiency improvements through changing the 
maximum capacity of the compressor responsible to supply 
base load.  
The proposed simulation model can be integrated with the 
energy prediction models for the whole factory, which is the 
future aim of the authors. This integration provides valuable 
information in finding the best capacity of all single 
compressors in CA system. 
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